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AIR FORCE RESEARCH LABORATORY (AFRL)
“BREAKTHROUGH” TECHNOLOGIES

PREFACE

This history narrates the development of “breakthrough” technologies by the
Air Force Research Laboratory and its predecessor organizations. Encouraged
by AFRL’'s Executive Director, Mr. Lester Mc Fawn, AFRL’s history program
researched and wrote nearly fifty scholarly essays. These extend over the full
gamut of Air Force technology activities. The essays elucidate, in a brief and
informative manner, the development of much “cutting-edge” technology
generated over the years by the United States Air Force and installed into the Air
Force’s operational forces. Without these technologies, today’s Air Force would

not be the most powerful and effective in the history of this planet.

Eight members of the AFRL history program contributed to the writing,
editing, and production of this history. These include: Dr. James Aldridge, Ms.
Shari Christy, Dr. Robert Duffner, Dr. Joseph Marchese, Dr. Barron Oder, Mr.
Kevin Rusnak, Dr. Robert White, and Dr. Craig Waff—who departed midway
through the project. Additionally, because of constraints of time and personnel,
the Munitions Directorate (MN) contributed four essays on their technology

directorate’s “breakthrough” efforts. Authors are identified in the MN essays.

Mr. McFawn has decided to continue this project. By the conclusion of 2006
the AFRL history program will have produced a second volume, which will
narrate the development of approximately fifty more “breakthrough” technologies
developed by AFRL and its predecessor organizations. During 2007 the AFRL
history program will embark upon a third phase of the project, producing a
volume that focuses upon several key Air Force operational systems--detailing

the contributions of AFRL and its predecessor organizations to these systems.
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Like this volume, both new volumes will be distributed to high levels of federal,
DOD and AF leadership.

The AFRL history program thanks all those who supplied documents,
reviewed drafts, and explained complex technical matters to the historians. This

help was unseen but crucial.

JOSEPH MARCHESE, PhD
Lead Historian, AFRL
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Accelerometer-Based Penetration Fuzing'

Penetrating weapons requiring detonation after impact have historically
utilized pyrotechnic or electronic delays. Early exceptions were fuzes that
employed a mechanical void sensing mechanism whereby the fuze function
would occur when the first void was reached or the weapon came to rest, e.g. the
Paverock of the late 1960s. Studies in the mid 1970s revealed that maximum
runway damage occurred at a specific depth of burial, independent of runway
thickness, indicating that depth of burial was the optimum parameter for the
fuzing function. In the mid 1970s the Air Force began designing and fabricating
their own instrumentation and extended the capability to include monitoring fuze
function during target penetration. Weaponization of this capability began in the

1980s with contracted fuze development programs.?

During this time period, there was a proliferation of hardened targets world-
wide. These varied from simple structures such as aircraft shelters and buildings
to complex heavily hardened and deeply buried command, control and
communication facilities. The target set also included fabrication and storage
facilities for weapons of mass destruction (WMD) (i.e. nuclear, biological and
chemical) demanding burst point control and low collateral damage. Hard target
penetrators were developed to attack these targets. Fielded hard target

weapons used fuzes employing fixed time delays after impact to effectively utilize

' The following article was researched and written by Mr. Stcven L. Smith, Mr.

Jefferson K. Oliver, and Mr. Richard Mabry, all from the Fuzes Branch of the Ordnance
Division of AFRL’s Munitions Directorate (AFRL/MNMF).

? The history of fuzes in the first four paragraphs is taken from: E-mail, Steven L.
Smith, AFRL/MNMEF, to Kevin M. Rusnak, AFRL/HO, “FW: History Papers Followup,”
19 Jan 06, w/attachment, unpublished paper, Steven L. Smith, AFRL/MNMF, Richard
Mabry, AFRL/MNMF, and Jefferson K. Oliver, AFRL/MNMEF, “Accelerometer-Based
Penetration Fuzes,” n.d.



time delay fuzing schemes (fixed or multiple setting), perfect structural
knowledge of the target needed to be known, and impact conditions that had to
be accurately predicted. The variability of these conditions proved to be difficult
to predict even for controlled penetration sled tests. Available intelligence data
was limited for hard targets. Specific target parameters such as precise depth,

layer thickness (i.e. roof, floor thickness) or hardness were often unknown.

Uncertainty in time of penetration increased with depth causing fuzing error
to increase when attacking deeper targets. Multiple weapons drops against an
underground target, with varying fuze delay times in an attempt to get one to
detonate at the right location within the target structure, proved inefficient and
often ineffective. This problem with time delay error pointed to the need for a
fuze with void-sensing capability. If the void(s) within the target structure can be
sensed, then a better fuzing decision can be made. Normally the desired
location for initiation of the warhead was within the void of a buried target to
cause maximum damage. [f warhead detonation within the void were to be
achieved then the target was defeated more effectively and efficiently than by

using time delay after initial target impact.

In response to the growing threat, emphasis in penetration fuze development
shifted from airfield attack to defeat of hardened and buried targets. Exploratory
and advanced developments were conducted on a fuzing system for the Hard
Target Weapon (HTW). This system contained an accelerometer and a remotely
programmable microcontroller to provide real time decision capability during

target penetration.

In the first Gulf War it became clear that a void-sensing “smart fuze” was
required for the Bomb Live Unit (BLU)-113 warhead application. The fielding of
the BLU-113 and its use against high value hardened deeply buried targets could
not be effective with a time delay fuze because of the errors caused by variability

of the structural makeup of the targets and weapon impact conditions. The HTW



fuze program was redirected to support the GBU-28 (BLU-113 warhead). The
program was accelerated to meet an Advanced Concept Technology
Demonstration schedule. Several successful sled and flight tests were
conducted demonstrating the potential of an accelerometer-based smart fuze to

defeat hard and deeply buried targets.>

Munitions such as the BLU-109 (GBU-24, GBU-27, GBU-31) and BLU-113
(GBU-28) had a limited potential against a broad range of hard targets because
of deficiencies in inventory fuzes; that is, the fixed time delays for current fuzes
limited the optimum damage potential to a narrow set of delivery conditions and
target types. The Hard Target Smart Fuze (HTSF) was designed for these
applications and was adapted for Miniature Munitions Technology (predecessor
to the Small Diameter Bomb) and Advanced Unitary Penetrator (AUP)

applications.*

The HTSF program developed and demonstrated the first accelerometer-
based fuze for penetrating munitions. The HTSF demonstrated the ability of
electronics to survive typical penetration shock environments and the ability to
determine the general location of the penetrator within the target and make a
burst point decision based on a preprogrammed algorithm. The fuze design was
capable of distinguishing between concrete, soil, and air during the penetration
event, which provided the ability to detonate the warhead at any desired location
within the target. This capability increased the effectiveness of current and future
hard target penetrating munitions which employed a standard 3-inch fuze well,
charging well, and internal plumbing. The HTSF also offered mission versatility
via the potential to program the fuze with a Ground Setter Unit prior to the
mission or from the cockpit through a MIL-STD 1760/1553 interface while in

3 Public Release Contract Award Announcement, n.a.,, "Hard Target Smart Fuze

(HTSF),” Aug 1998,

4 Ibid.



flight. Although the HTSF entered engineering development, the program was

canceled mainly due to the excessive cost of the fuze.®

The Multiple Event Hard Target Fuze (MEHTF) program was initiated to
address anticipated fuzing needs for future penetrating weapons. Specific
technology limitations were identified and the program was structured to address
these limitations. These limitations included: (1) Reduced fuze size to facilitate
use in small penetrators. (2) Low fuze cost to be competitive with time delay
fuzing. (3) Accurate target media detection capability for detection of thin hard
layers and to allow quick detection of voids. (4) A multiple event capability for
complex multiple function warheads. (5) Survivability in more severe shock

environments.®

Fuzes that survived high impact conditions and accurately detected location
within the target increased the ability of penetrating munitions to defeat
underground bunkers. The MEHTF provided an accurate and low cost solution
to fuzing for hard target defeat. The MEHTF was the first low cost all-electronic
penetration fuze with the ability to survive a rigid body deceleration shock level
as high as 30,000 g. (measured deceleration filtered at 2,000 Hz). The ability to
detect thin (4 inch) concrete layers and quickly detect voids within a target was
demonstrated in Miniature Munitions Technology (MMT) dynamic penetration
tests. Control of multiple fuzes for multiple warhead events was also
demonstrated through static testing. The MEHTF technology transitioned to
Survivable Thermostable Robust Intelligent Fuze (STRIFE), and to the United

5 Ibid,
¢ Article, n.a., "Flexible Survivable Non-Volatile Data Recorder," Air Force Research
Laboratory Technology Horizons, Dec 00; Success story, n.a. [AFRL/MN], "Low-Cost
All-Electronic Penetration Fuze Exceeds Penetration Testing Objectives," Mar 03.



Kingdom's Precision Guided Bomb (PGB) program where it is being further

developed as the fuze for PGB.’

The STRIFE program developed a hard target, intelligent fuze with a low
energy firing system to survive high speed impact into realistic targets containing
rock and/or reinforced concrete. The STRIFE fuze integrated with a High Speed
Penetrator (HSP), detonates the explosive payload at the correct point inside the
target based on programmed time, void, layer, or depth, and incorporates back-
up firing modes. The HSP is one of the primary munitions deployed by the
Common Aero Vehicle (CAV).®

The STRIFE point-of-departure packaging design was the MEHTF, initially
developed by AFRL for its Miniature Munitions Technology, the predecessor to
Small Diameter Bomb (SDB). The main modifications to the MEHTF design for
STRIFE are:

) Replacing the MEHTF software driven safe and arm with a hardware
only safe and arm for safety compliance.

. Improving the reliability of firing the MEHTF's Low Energy Exploding
Foil Initiator (LEEFI) at cold temperature.

) Increasing the shock survivability of the MEHTF's LEEFI.

The Air Force continues to explore innovative techniques for intelligent burst
point control by incorporating void-sensing capability into existing inventory fuzes
as well as future weapons such as the HSP/CAV. The Hardened Miniature Fuze

Technology (HMFT) program will commence in early calendar year 2006. The

7 “Low-Cost All-Electronic Penetration Fuze Exceeds Penetration Testing

Objectives;” Success story, n.a. [AFRL/MN], “Multiple Event Hard Target Fuze
Transitions to UK's Precision Guided Bomb Program,” Mar 04.
®  Program Research and Development Announcement Solicitation, n.a. [AFRL],
“High Speed Penetrator,” AFRL MNK-PRDA-02-0010, Jun 02.



objective of this program is to advance hardened miniaturized fuzing technology
through the development of a survivable post-impact intelligent module and firing
system that would become part of an overall fuze that is limited to a four cubic
inch volume. This can be achieved by advancing the state-of-the-art in the areas
of shock survivable components, packaging techniques, and testing

technologies.’

The HMFT intelligent module will possess the capability of media
discrimination (rock, concrete, soil, air, etc.) as the penetrator host progresses
through the target and will incorporate a means of supplying post-impact
data (target characterization data, bomb damage assessment information, and
fuze arming information) to an external system. It is envisioned that this module
could then be tailored for specific weapon applications by incorporating
appropriate Safe and Arm (S&A) logic/devices. This tailoring may include use of
the module as a command (remotely) armed device or by incorporation into a

more conventional stand alone fuze.'°

®  Broad Agency Announcement Solicitation, n.a. [AFRL], “Special Amendment for

Fuzes Research, Hardened Miniature Fuze Technology,” AFRL MNK-BAA-04-0001,
Oct 05.

0 Ibid.



Advanced Grid Stiffened Composite Payload Shroud

Since the beginning of the space age, satellites and other payloads launched
into orbit have had their missions limited by such factors as weight, cost, and
manufacturing time. The heavy metal shrouds or fairings that cover and protect
payloads from atmospheric elements and launch winds have been of particular
interest to scientists. Composite materials held the promise of lighter weight,
durability, and reduced material and manufacturing costs, but needed better
rigidity to use for complex shapes. Scientists at the Air Force's Phillips
Laboratory achieved a remarkable breakthrough in the 1990s with the
development of a technique called Hybrid Tooling that permits the necessary
stiffening of the composite material and construction of complex payload shroud

shapes through an automated, low-cost manufacturing process.

Spacecraft payloads launched from atop rockets require some measure of
protection. Many payload components, such as antennas or deployable solar
panels, are on the periphery of the spacecraft or are exposed. During launch,
the rocket moves many times the speed of sound through the atmosphere, and
the movement of air rushing by the payload, called a launch wind, can cause
serious damage to the payload. Other equally damaging factors, such as rain,
hail, or other moisture, could harm payload components. Unless the payload
itself has a metal cocoon skin, a fairing or shroud is required to protect the
payload from these elements. The earliest shrouds were constructed as a single
piece of metal, usually aluminum, and built in a conical, aerodynamic shape.
Later technologies created a honeycomb structure sandwiched between two
metal skins. Once in space, the shrouds were jettisoned at the point of payload

deployment into orbit."

' History, PL/HO, “History of the Phillips Laboratory, 1 October 1989 — 30
September 1991” [hereafter cited as “History 1989-1991”], vol. I, 1992, pp.138-140;
History, PL/HO, “Close-out History of the Phillips Laboratory, 1 October 1996 — 30
October 1997” [hereafter cited as “Close-out”], vol. 1, 1998, pp. 791-793; Interview, Dr.
Barron K. Oder, AFRL/VSIH, with Dr. Steven Huybrechts, AFRL/VS, 15 Jan 1998.



The increasing complexity of spacecraft missions has demanded more
instrumentation, sensors, fuel, and power, all of which translates into increased
weight and substantial lead time to build. Spacecraft designers have looked into
reducing weight for all components, but especially from structural components
such as the satellite bus and the payload shroud that do not add to the success
of the mission. And because launch costs are measured in weight, an overall

weight savings reduces overall costs.?

McDonnell-Douglas Corporation developed and patented isogrid shroud
technology several decades ago. Aluminum isogrid structures, consisting of a
shell or skin built from a single piece of machined aluminum stock bolstered with
stiffeners that form equilateral triangles, have been used for launch vehicle
shrouds and interstages on such common systems as the Atlas, Titan, and Delta
rockets. But the open section metal isogrid shrouds are heavy, cost $16 million
to produce, and require as much as two-and-a-half years’ lead time to

manufacture.®

Beginning in the 1970s, industry and academic researchers investigated the
possibilities of using this isogrid technology with carbon fiber composite materials
instead of metal to build a lighter payload shroud. In 1978, scientists at
McDonnell-Douglas received a patent entitled “Stiffened Composite Structural
Member and Method of Fabrication.” The advantage of using composite

materials in aerospace applications arises not only from lighter weight, but also

2 “Close-out,” pp. 791-793; Interview with Huybrechts, 15 Jan 1998.

3 “History 1989-1991,” pp.138-141; Paper, James L. Koury and Thomas D. Kim,
Phillips Laboratory, “Continuous Filament Wound Composite Concept for Space
Structures” [hereafter cited as “Continuous Filament”], n.d; “Close-out,” pp. 791-792;
Paper, Dr. Steven Huybrechts and Troy E. Meink, Phillips Laboratory, “Advanced Gnd
Stiffened Structures for the Ncxt Generation of Launch Vehicles” [hereafter cited as
“Advanced Grid”], IEEE Aerospace Applications Conference Proceedings, vol. 1, 1997,
pp- 263-269.



because composites have the ability to directionally enhance the shift in stress

along the isogrid structure’s ribs.*

NASA initially began to investigate the possibilities of composite isogrid
technology during the 1980s. At the same time, the Soviet Union (later Russia)
also experimented with the technology. Their scientists developed and even flew
launch vehicle components made with composite isogrid technology, but they
never fully achieved the desired weight savings. In part, this failure was due to
their approach of using thicker, heavier ribs in the isogrid lattice. Although NASA
used the composite skin to absorb the majority of the load, and used the grid
lattice structure to suppress buckling, the final results did not meet expectations.
American universities continued work in this area, but the efforts of private
industry were sometimes unknown due to proprietary restrictions. By late in the
decade, the European-built Ariane shroud, an aluminum-honeycomb sandwich

structure with a composite skin, was the only composite shroud in use.®

Air Force laboratories began to investigate the potential of advanced grid
stiffened composite technology during the late 1980s and early 1990s. Scientists
at what would become part of Phillips Laboratory at Edwards Air Force Base,
California, led efforts to build these lightweight composite isogrid structures,
primarily geared toward satellite buses and solar panel substrates. In July 1990,
they developed an experimental continuous-flament winding process that
produced grid-stiffened structures using less expensive graphite and epoxy
composite materials. By 1994, this group, which included scientists James
Koury, Dr. Thomas Kim, and Dr. Peter Wegner, had resolved the prior
manufacturing problem of carbon fiber buildup at the stiffener nodes connecting

the lattice ribs. Their technique, which wrapped solid molded silicon rubber

4 “Close-out,” pp. 791-792.

5
793.

“History 1989-1991,” pp.140-141; “Continuous Filament;” “Close-out,” pp. 792-



sheets around a metallic mandrel, resulted in offset node points that reduced the
fiber buildup. This process developed a high quality, lightweight composite
isogrid structure that combined the structural efficiency of the isogrid design with
the advanced properties of carbon fiber composite materials (in this case silicon
rubber, with an extremely high strength to weight ratio). However, the
manufacturing process was labor intensive, had problems with automation, and

was limited to a cylindrical shape.®

The breakthrough in advanced grid stiffened composite payload shrouds
began with the arrival of new personnel at Phillips Laboratory, Kirtland AFB, New
Mexico. Mr. (later Dr.) Troy Meink, a researcher hired as part of the Air Force’s
Palace Knight program, was also an Air Force Reservist at the National Air and
Space Intelligence Center (NASIC). As a reservist, Mr. Meink worked on an
experimental NASIC project funded by the Ballistic Missile Defense Organization
(BMDO) that needed to be launched at a specific apogee and altitude. Meink
determined that a lighter payload shroud might provide the solution to reaching a
higher altitude. As a scientist at Phillips Lab, he learned of the composite
research being conducted by Dr. Steven Huybrechts. Dr. Huybrechts had
graduated in 1995 from Stanford University, where he evaluated grid structures.
Along with technician Master Sergeant Richard “Lee” Underwood, and the arrival
of the Edwards AFB, California scientists, the group formed a highly successful

team working at the Advanced Structures Laboratory at Phillips Lab.’

®  “History 1989-1991,” pp.138-142; “Continuous Filament;” Paper, Thomas D. Kim

and Peter Wegner, Phillips Laboratory Propulsion Directorate, “Composite Isogrid
Structure,” n.d.; Article, n.a., “Composite Isogrid Structures for Weight Savings and
Lower Costs,” Phillips Laboratory Success Stories 1993-1994, 1995, p. 99; “Close-out,”
pp. 793-794; “Advanced Grid,” pp. 263-269.

7 «Close-out,” pp. 794, 800; Interview with Huybrechts, 15 January 1998.
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Building upon the previous work of Phillips Lab scientists, this fortuitous
confluence of need, new interest in the technology, recently available
information, and the skills and abilities of the team yielded a concept called
Hybrid Tooling in a relatively short period of time. The name “Hybrid Tooling”
refers to the use of a variety of tooling materials. Much of this new development
centered on moving away from traditional stiffeners using isosceles triangle
patterns to develop more complex shapes and better manufacturing practices.
Although most composite tooling material consisted of a single material, the team
conducted extensive research to determine the most effective tooling materials.
Combining materials permitted precise lateral rib compaction, while inserts could
aid in building more complex shapes. In addition, the team used extensive

mathematical modeling to build production tools.®

The Phillips Lab team first built a stainless steel base mandrel or spindle to
support the base material, then covered it with a coarse tooling epoxy, and
mounted this base tool structure to a filament winding machine. To automate the
process, the team chose the computer-run five-axis flament winding machine
because of its low cost and ability to accurately place filament fibers. They
machined this base tool to the designed shape, including grid patterns for the
ribs, but oversized the shape to accommodate the expansion inserts. The ribs,
consisting of 12,000 carbon fiber strands pre-impregnated with uncured resin,
were wound into a bundle by the filament winder and accurately placed into the
grooves. Pre-sized silicon rubber expansion inserts were then hand-installed.
Use of the inserts solved the team’s greatest dilemma, that of controlling lateral
compaction while still maintaining precise tooling tolerances and providing the
desired cross-section geometrical shape. After the rib winding was complete, the
skin was wound, using additional composite tape and fiber applied at critical

locations where stress was concentrated, such as the bolts. Once the winding

¥ “Close-out,” pp. 794-796; Interview with Huybrechts, 15 Jan 1998; “Advanced

Grid,” 1997, pp. 263-269.
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was completed, the part was placed in a vacuum bag and heated to cure the
epoxy. Following the curing process, the team returned the part/tooling
combination to the filament winder for accurate computer-controlled finish
trimming and machining. With some repair, the team found that the tooling could
be reused to construct a similar shroud. The team also determined that the fully
automated process led to a substantial reduction in manufacturing time and could

be easily scaled for different-sized shrouds.®

The Phillips Lab team developed this first conical shroud for NASIC’s second
BMDO-sponsored Combined Experiments Flight. Fortunately for the Phillips Lab
team, NASIC accepted the shroud as just another experiment on their flight, and
as a relative newcomer to the field, launch contractor Optical Sciences
Corporation was more easily accepting of new technology. To gain the launch
contractor’s acceptance, the team over-designed the shroud and built it stronger
than necessary, submitting it to Orbital for qualification testing in October 1996.
Under normal circumstances, qualification testing means reaching to within 75%
of a device’s failure point, and then tossing out the used test device. However,
Orbital could not break the shroud and felt that since there was no need to test to
failure, they considered it flight worthy, and did not require construction of a new
shroud. The suborbital Combined Experiments Flight successfully launched from
the Wallops Island, Virginia facility on 23 February 1997 and the shroud lived up
to the team’s high expectations in protecting the payload.

Since advanced grid stiffened (AGS) composite technology was new, Orbital
had already prepared an aluminum shroud, which gave the lab a good direct

comparison with older technologies. When first designed, the lab’s shroud had an

®  “Close-out,” pp. 796-798; Interview with Huybrechts, 15 Jan 1998; “Advanced

Grid,” pp. 263-269.

10 «“Close-out,” pp. 799-803; Interview with Huybrechts, 15 January 1998.
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overall weight of 37 pounds. To obtain Orbital's approval, the team built it with
three times the buckling load as well as ten times the stiffness of what they
considered safe levels, so the final weight reached 82 pounds. Indeed, when the
contractor crew lifted it from its shipping crate, they were so startled at its
lightness that they almost dropped it on the spot.  The aluminum shroud
weighed 212 pounds, giving the new device a remarkable 61% weight savings. It
took the team about a year to develop the tooling technology, but it only took
about a month to design the shroud. Assembly and part fabrication took nine
days compared to 75 days needed to build the aluminum shrouds, an 88%
improvement. And with launch costs at approximately $10,000 per pound, the
monetary savings proved equally remarkable. The estimated overall R&D costs,
including salaries, reached $600,000, with another $90,000 for testing. Based on
this comparison, the team felt that the real payoff was the much-improved and
more-automated Hybrid Tool manufacturing process that used less time with less
money and could be adapted for use with more complex conical or double

curvature shapes, and scalable for different sized shrouds.

AGS technology and the Hybrid Tooling method have received serious
attention and recognition. Although the lab had attempted to get industry’s
support when the project first began, within a week after trade journals publicized
the successful NASIC launch, several major launch vehicle manufacturers
flooded the team with inquiries. The Air Force team holds the AGS technology
and technique patents. Air Force Materiel Command, parent organization for the
laboratory system, awarded the team its prestigious Science and Technology
award for 1997. For his part, Dr. Huybrechts received the 1999 Arthur S.
Flemming Award recognizing young federal government employees in areas of
basic science and administration, while in 2001, team member Dr. Peter Wegner
also received the Flemming award and DoD’s prestigious Harold Brown Award in
2003. In 1999, the Air Force Research Laboratory (AFRL) — the single Air Force

1] “Close-out,” pp. 798-802; Interview with Huybreehts, 15 Jan 1998.
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Laboratory formed from the Phillips Lab and other AF labs and R&D
organizations -- named its Space Vehicles Directorate’s Spacecraft Components

Technology Branch a center of excellence for this and other structural work. 2

After the initial breakthrough, AFRL composite scientists continued to
advance the AGS effort, especially in moving it toward production-oriented
applications such as transitioning it to a major launch system and adapting it for
both expendable and reusable launch vehicles. In 1999, the Boeing Company
expended $500,000 to transition the technology, notably as a replacement for the
Delta 1l interstage fairing, while CSA Engineering worked on acoustic
suppression systems for AGS structures. The same year, AFRL began to
baseline AGS technology for the Minotaur launch vehicle. By 2000, AFRL’s
Space Vehicles Directorate, working with the Boeing Phantom Works, had
fabricated a large composite shroud for the Space and Missile Systems Center’s
Orbital/Suborbital Program Minotaur Launch Vehicle. This demonstration
validated improved methods for fiber placement of ribs and skin, the termination
of the ribs at the fairing’s fore and aft ends, and shaping the fairing’s boat-tail
section to its cylindrical section. The fairing doubled the existing volume
capability of the Minotaur launch vehicle, adding only slightly to its overall weight
while successfully meeting acoustic mitigation. In 2002, Boeing delivered the
Minotaur fairing to AFRL for flight qualification tests. The fairing’s applied load

exceeded the worst case dynamic flight conditions by 25%, and maintained

2 Interview with Huybrechts, 15 Jan 1998; “Close-out,” pp. 803, 807; Rpt, n.a.,

“AFRL Monthly Accomplishment Report, Executive Summary,” Aug 2002; History
AFRL/HO, “History of the Air Force Research Laboratory, 1 October 1999 — 30
September 2000,” vol. 1, 2002, pp. 383-384. Article, AFRL/XPTC, “Tab 4—Awards and
Recognition: Dr. Huybrechts Wins Arthur S. Flemming Award for Structures Rescarch,”
Air Force Research Laboratory Success Stories, A Review of 2000, 2001, pg. 15; Article,
AFRL/XPTC, “Tab 4—Awards and Recognition: Dr. Peter Wegner Reccives the Harold
Brown Science and Technology Award,” Air Force Research Laboratory Success
Stories, A Review of 2003, 2004, p. 58.
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structural integrity under the peak load. Failures with substructure test panels led

to stabilizing the skin/rib interface without increasing the fairing’s mass.'? _

In creating the Hybrid Tooling method to build an advanced grid stiffened
composite payload shroud, the Air Force laboratory team took a technology that
many saw had potential but were unwilling to trust, developed and tested it as a
worthy application, then turned it over to industry for use on military and
commercial systems. Advanced Grid Stiffened Composite technology has
already proven its structural efficiency, high damage tolerance, and propensity
toward automated manufacture. And although there are other new composite
shroud technologies competing for industry’s attention, the Air Force developed

and has transitioned this cost-effective, innovative, flexible breakthrough.

" Notes/comments, Jeffry S. Welsh, AFRL/VSSV, “on Advanced Grid Stiffened
Composite Payload Shroud draft,” 28 July 2005, Paper, Pcter M. Wegner, Jeff M.
Ganley, Steven M. Huybrechts, and Troy E. Meink, “Advanced Grid Stiffened
Composite Payload Shroud for the OSP Launch Vehicle,” IEEE 2000 Aerospace
Conference Proceedings, March 2000, pp. 359-365; Article, AFRL/XPTC, “Tab 3—
Technology Transfer: Advanced Grid Stiffened Structures Lower Launch Costs,” Air
Force Research Laboratory Success Stories, A Review of 1999, 2000, p. 35; Article,
AFRL/XPTC, “Tab 2—Emerging Technologies: Advanced Gnd-Stiffened Composite
Fairing,” Air Force Research Laboratory Success Stories, A Review of 2000, 2001, p. 50,
Article, AFRL/XPTC, “Tab 2—Emerging Technologies: Experimental Testing of
Advanced Grid-Stiffened Structures,” Air Force Research Laboratory Success Stories, A
Review of 2002, 2003, p. 50; Article, AFRL/XPTC, “ Tab 2—Emerging Tcchnologies:
Minotaur Advanccd Grid-Stiffened Composite Fairing,” Air Force Research Laboratory
Success Stories, A Review of 2004, 2005, p. 73.
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Adaptive Optics

Development of laser guide star technology was an extremely important Air
Force Weapons Laboratory (AFWL) contribution to the advancement of adaptive
optics. Advanced adaptive optical systems sought to remove distortions in light
waves created by atmospheric turbulence, but early systems consumed most of
the light to measure wavefront distortions, leaving an insufficient amount of light
from the object to send to a camera to produce a clear image. Military scientists
believed that if the distortion could be accurately measured, an adaptive optics
system could be developed using light from an artificial beacon—instead of from

the viewing object—to compensate for the distortions, resulting in clearer images.

In 1983, Dr. Robert Q. Fugate led a team of AFWL scientists at Starfire
Optical Range at Kirtland AFB and proved for the first time the physics of the
laser guide star technique to accurately measure atmospheric turbulence.
Artificial laser guide star adaptive optics is a breakthrough technology used for
two purposes: imaging dim objects, using incoming light from space objects,
such as stars, satellites, or missiles, to identify and produce razor-sharp images
of those objects; and directing outgoing light, in the form of a high-quality laser

beam, through the air to intercept a moving target.’

As light travels from an object in space to an earth-bound telescope, the light
is distorted because of atmospheric turbulence. Atmospheric turbulence is

caused by random localized fluctuations in the temperature and density of the air.

: Interview, Dr. Robert W. Duffner, AFRL/VSIH, with Dr. Robert Q. Fugate,
AFRL/DE, 16 Dec 2002; Article, Dr. Robert Q. Fugate, et al.,, “Measurement of
atmospheric wave-front distortion using scattered light from a laser guide-star” [hereafter
cited as “Atmospheric wave-front”], Nature, 12 Sept 1991, pp. 144-146; Paper, Dr.
Robert Q. Fugate, “Experimental Demonstration of Real Time Atmospheric
Compensation with Adaptive Optics Employing Laser Guide Stars,” presented at the
American Astronomical Society meeting, 27 May 1991.
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The twinkling of starlight is perhaps the most widely known manifestation of the
effects of atmospheric turbulence on light propagation. The laws of physics
dictate that turbulence can severely impact the performance of imaging systems
and high-energy laser weapon systems. Astronomical telescopes must be large
enough to collect sufficient light to detect and image dim objects. But
atmospheric turbulence has always limited the resolution of an image produced
by a large telescope, such as the ability to distinguish the stars in a binary star, to
a resolution no better than that of a small amateur backyard telescope. Laser
beams as a form of light are electromagnetic waves, and an electromagnetic
wave can be described in terms of its amplitude and phase or wavefront. Just as
a distorted wavefront can degrade the performance of an imaging system,
producing an out of focus picture, a distorted wavefront can limit the intensity of a
high-energy laser at its target and prevent the delivery of the desired amount of

energy to destroy the target.?

The solution to each of these technical dilemmas is the use of adaptive
optics. Adaptive optics refers to an optical system that can adapt the shape of a
mirror in such a way that when incoming light is reflected from it, either to a
camera or as an outgoing laser beam, the distortions caused by atmospheric
turbulence are removed to maintain the high quality of an image or a beam of
light. In 1953, astronomer Horace Babcock first proposed using adaptive optics
for large telescopes to reach their full potential. Adaptive optics would establish
real-time compensation of distorted light to create higher image resolution.
However, the approach he proposed was not really practical and was never

implemented.®

2 Interview, with Fugate, 7 Nov 2005; Interview, Duffner with Dr. Rett Benedict, Vice

President of the Space and Directed Energy Division, Sehafer Corp., 28 Oct 2002; Rpt,

Glenn A. Tyler, et al., The Optical Sciences Company, “Adaptive Optics: Theory and
Applications,” AFRL-DE-PS-TR-1998-1054, Pt. 1, Dec 1999, pp. 2-8.

3 Interview, Duffner with Raymond P. Urtz, Director, AFRL/IF, 20 Nov 2002; Article,
Roger Angel and Dr. Robert Q. Fugate, “Adaptive Optics,” Science, 22 April 2000, p.
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National defense requirements drove much of the progress in adaptive optics
beginning after the discovery of the laser in 1960. The Department of Defense,
and the Air Force in particular, became interested in adaptive optics for its
potential to improve performance of space-object imaging systems and for
possible future laser weapons. In the mid-1960s, Rome Air Development Center
(RADC), part of the Air Force laboratory system, conducted early experiments to
define the effects of atmospheric turbulence on light and on laser beams. RADC
and its contractor ltek accomplished a real time, higher-order compensation of
atmospheric turbulence using a deformable mirror in 1974. The Real Time
Atmospheric Compensation (RTAC) system initially corrected a laser beam
propagated through atmospheric turbulence over a 300-meter path to a 30-
centimeter aperture. RTAC consisted of three components essential to an
adaptive optics system: a shearing interferometer wavefront sensor to detect and
measure the atmospheric distortions impressed on a light wave; a high-speed
controller system, essentially a fast computer; and a deformable mirror whose
reflective surface and shape were altered by 21 actuators to correct for the
turbulence-affected light, based on light distortion measurements fed to it by the
computer. The combination of RTAC’s mirror and the wavefront sensor
represented breakthrough advances in the state-of-the-art adaptive optics

hardware.*

After the success of RTAC, RDAC continued to make significant progress in
the development of more advanced adaptive optical systems. In 1982, RADC
installed the first practical adaptive optics system, the compensated imaging

system or CIS, on the 1.6-meter telescope at the Advanced Research Projects

455; Article, H.W. Babcock, “The Possibility of Compensating Astronomical Seeing,”
Astronomical Society of the Pacific, Oct 1953, pp. 229-236.

4 Interview with Urtz, 20 Nov 2002; Interview, Duffner with Dr. Don Hanson,
Director, AFRL/SN, 19 Nov 2002; Interview, Duffner with Dr. John W. Hardy, Retired,
Itek, 22 Jan 2004; Article, John W. Hardy, “Adaptive Optics,” Scientific American, June
1994, p. 63.
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Agency Maui Optical Site (AMOS) located atop Mt. Haleakala. The workhorse
CIS unit used a deformable mirror with over 100 actuators and provided

compensated images of space objects continuously into the 1990s.°

Despite these advances, the adaptive optics wavefront sensor consumed
most of the object’s available light, leaving an insufficient amount of the collected
light to form a high quality image of the observed object. Furthermore, the vast
majority of space objects viewed by ground telescopes appeared dimly, providing
insufficient photons for effective compensation. Consequently, military scientists
began to search for new ideas and techniques to maximize the use of available
natural light. In the early 1980s, DARPA, the Defense Advanced Research
Projects Agency, funded military-related adaptive optics research to explore

ways to acquire more light to produce higher resolution images.®

One innovative approach that quickly gained favor with DARPA and other
researchers was contractor Julius Feinleib’'s concept of using an artificial,
independent light source or laser guide star to measure the atmospheric
turbulence at lower levels of the sky, where most of the distortion occurs. The
laser guide star he proposed relies on a principle of physics called Rayleigh
backscattering, named for astronomer John William Strutt, Lord Rayleigh (1842-
1919). When a laser is aimed directly at an object in space, the backscattered
light from the focused laser (as it strikes nitrogen and oxygen molecules in the
atmosphere) and natural light from the object both travel along near-identical
paths and encounter the same atmospheric turbulence on the way to a

telescope. The light that returns from the focused laser beam serves as an

Interview with Hanson, 19 Nov 2002; Interview with Urtz, 20 Nov 2002; Rpt, n.a.,
“FY82 Accomplishments,” RADC-TR-82-1, Dec 1982, pp.8-9.

®  Interview with Benedict, 28 Oct 2002; Interview, Duffner with Dr. William E.

Thompson, AFRL/DET, 9 Oct 2002.
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artificial star, hence the name laser guide star. By sampling only the
backscattered laser light to make corrections and to compensate for the
distortions, all of the object’s small amount of natural light could then be collected
by the telescope, reflected from the deformable mirror and sent directly to the

imaging camera, forming a clear image.’

However, scientists were concerned about the location of the guide star.
Measuring Rayleigh backscattering meant placing the laser guide star at no more
than 10 to 20 kilometers in the sky, but atmospheric turbulence extended well
beyond that range. DARPA's 1982 solution, guided by the military’s independent
science colloquium called the JASONSs, was to move in both directions, that is, to
measure turbulence at the lower Rayleigh level using essentially any laser beam
as the guide star, as well as using a laser beacon at an altitude of 90-100
kilometers, where a layer of atomic sodium could be probed only by a sodium
wavelength laser. The Air Force Weapons Lab conducted the Rayleigh
experiment, while the Massachusetts Institute of Technology’s Lincoln Laboratory
tested the sodium method. The potential success of this revolutionary
technology, including breakthroughs in imaging of space objects such as enemy

satellites, kept this research classified until May 1991.°

Dr. Robert Q. Fugate, with previous experience in Rayleigh physics at the Air
Force Avionics Laboratory, arrived at the Weapons Lab in 1979. His initial work
consisted of beam control research by measuring the effects of air turbulence on
low-power lasers at the Sandia (later Starfire) Optical Range or SOR at Kirtland
AFB. AFWL leadership selected Fugate to conduct a proof-of-concept
experiment to validate that the Rayleigh artificial guide star would work in the real

7 Interview, Duffner with Dr. David L. Fried, 2 April 2003; Intcrview with Fugate, 16

Dec 2002; Interview with Hardy, 22 Jan 2004.
8 Interviews, with Fugate, 2 April 2003 and 20 May 2003; Rpt, Glenn A. Tyler, et al.,

The Optical Sciences Company, “Adaptive Optics: Theory and Applications,” AFRL-
DE-PS-TR-1998-1054, Pt. 1, Dec 1999, pp. 10-11.
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world. Fugate's team chose a short wavelength visible green laser for the laser
guide star (shorter wavelengths produced more backscattering for better
measurements) to be focused at a distance of five kilometers into the sky and

directly pointed at the star Polaris.®

Following construction of the experimental equipment, including a 60-
centimeter tracking mirror at the SOR in the fall of 1982, the AFWL team began
testing the next spring. The experiment ran over a long period of time to account
for a wide range of different atmospheric conditions and to collect comparative
data. By the late summer and fall of 1983, the team consistently measured
atmospheric distortion from the laser by comparing those figures to the
measurements from Polaris. Measurements from Polaris and the Rayleigh
beacon showed a good match. That was a major turning point because the
AFWL data validated the theoretical physics behind an artificial laser guide star

for the first time. 1°

Nevertheless, Fugate's experiment was not conducted using an operational
adaptive optics system, although its success provided the impetus for a “closed-
loop™ or complete system. In 1987, AFWL acquired and installed a 1.5-meter
telescope at the SOR. Integrating this telescope with a wavefront-sensor, a high-
speed computer processor, and a deformable mirror led to research that
corrected for atmospheric distortions, which occurred in real-time. In 1989-1990,
Fugate and his team conducted the first successful closed-loop series of

adaptive optical experiments using the Rayleigh laser guide star technique,

°  Interview, with Fugate, 22 April 2003; Interview with Benedict, 28 Oct 2002;

“Atmospheric wave-front,” pp. 144-146.

' Interviews, with Fugate, 16 Dec 2002, 21 April 2003, and 20 May 2003;
“Atmospheric wave-front,” pp. 144-146.

21



called Generation |, followed by Generation 1l experiments between February
and May of 1992."

Lincoln Laboratory began its sodium-beacon experiment at White Sands
Missile Range using a dye laser tuned to the sodium wavelength in 1984. In
1985, Lincoln Lab succeeded in demonstrating that a sodium-wavelength beacon
could measure atmospheric turbulence at higher altitudes, offering a more
complete picture of distortion than the Rayleigh beacon. This success was
followed by Lincoln Lab’s own successful closed-loop system at the Air Force
Maui Optical Site (AMOS) in 1988. Further, theoretical calculations showed that
atmospheric compensation for larger telescopes in the range of 3-plus meters
worked well with a sodium wavelength system. The success of AFWL’s 1.5-
meter system, along with results of the sodium experiment, paved the way for a
larger 3.5-meter device built and completed in 1993 at SOR by AFWL’s

descendent, Phillips Laboratory. '?

Despite these military-directed scientific advances, results remained
classified and unknown to the outside world. But civilian astronomical research
began to close in on the same results, so the various parties, including AFWL,
DARPA, and the JASONSs, decided to declassify the guide star experiments. At a

meeting of the American Astronomical Society in May 1991, Fugate and his

i Interview, with Fugate, 5 April 2004; Lab notebook, Dr. Robert Q. Fugate, “entry

for 13 Feb 1989,” 1989; Article, Dr. Robert Q. Fugate, et al., “Two generations of laser-
guide-star adaptive-optic experiments at the Starfire Optical Range,” Journal of the
Optical Society of America, vol. 11, No. 1, Jan 1994, pp. 310-312; Ltr, Maj Gen Robert
R. Rankine, Jr., DCS/Technology, AFSC, to PL/CC, “subj: Laser Guide Star Adaptive
Optics,” 19 June 1992.

'2 Interview, Duffner with Dr. Darryl P. Greenwood, Lincoln Laboratory, 21 Jan 2004;
Interview with Benedict, 28 Oct 2002; Article, Charles A. Primmerman, et al.,
“Compensation of atmospheric optical distortion using a synthetic beacon,” Nature, vol.
353, 12 Sept 1991, pp. 141-143; Article, Byron G. Zollars, *“Atmospheric-turbulence
Compensation Experiments Using Synthetic Beacons,” Lincoln Laboratory Journal,
Spring 1992, pp. 67-77.

22



Lincoln Laboratory counterparts revealed their results to an astounded and at
first disbelieving scientific audience. But reproducible science proved the
veracity of the Air Force and DoD researchers, garnering national and
international attention. In particular, Dr. Fugate emerged as a world-class leader,
and the Air Force's laboratory system achieved a world-class reputation in the
field of adaptive optics. ™

The practical scientific principles of these experiments were quickly applied
to the Air Force’s Airborne Laser (ABL). The ABL program, which began in the
early 1990s, required improving the acquisition, pointing, and tracking system of
the first-generation Airborne Laser Laboratory, which was successful in targeting
and destroying air-to-air missiles and ground-to-air drones in 1983. The ABL
high-energy laser weapon system must propagate a beam over hundreds of
kilometers horizontally at operational altitudes of over 40,000 feet to destroy its
target. Adaptive optics provided the potential answer to compensating for
atmospheric turbulence at those heights. Since the early 1990s, Phillips
Laboratory, which then became part of the Air Force Research Laboratory,
conducted a series of experiments designed to collect and measure atmospheric
turbulence data, to evaluate the propagation of the laser beam through the
atmosphere, and to compensate for those distortions that affected the quality of
the beam. The results of all of these experiments validated the use of adaptive

optics in an airborne laser weapon system. ™

The first ever laser guide star experiments conducted by Dr. Fugate's Air

Force Weapons Laboratory team at the Starfire Optical Range in 1983 provided

" Interview, with Fugate, 13 July 2004; Paper, Dr. Robert Q. Fugate, “Experimental

Demonstration of Real Time Atmospheric Compensation with Adaptive Optics
Employing Laser Guide Stars,” 27 May 1991.

b Interview, Duffner with Dr. Laurence D. Weaver, AFRL/DEBA, 6 Nov 2000; Rpt,
Lawrence D. Wheeler, et al., “ABLESTAR,” AFRL-DE-TR-1024, April 2002, pp. 1-2.

23



a tremendous breakthrough in the realm of adaptive optics. Although
researchers had advanced the field through the development of wavefront
sensors, deformable mirrors, and the use of high-speed processors, the
experiments conducted by AFWL and Lincoln Laboratory permitted the use of
far-reaching techniques that improved astronomical-related systems in both the
civilian and military scientific communities. Today every large telescope uses
adaptive optics to obtain higher resolution images, often relying on sodium-
wavelength beacon technology to resolve dimmer objects. Moreover, potential
laser weapon systems depend on the same adaptive optical technology to

provide accurate, on-target delivery of lethal laser energy.'®

'S Interview, with Fugate, 7 Nov 2005.
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AFRL and the ARPANet

The development of the Internet in the last third of the 20th century is
arguably the most revolutionary event in communications since the invention of
the telegraph and telephone in the 19th century. The Internet represents the
convergence over three decades (1960s through 1990s) of a number of different
ideas and technologies, including the telegraph, telephone, and digital
computer.' It also represents the successful collaboration of government,

academic, and commercial enterprises.

The forerunner of the Internet was the ARPANet. The development of
ARPANet was initiated and underwritten by the Advanced Research Projects
Agency (ARPA). ARPA was established in 1958, at a time when U.S. confidence
in its science and engineering establishment was momentarily shaken by the
Soviet Union’s success in launching the first artificial earth satellite, Sputnik, in
1957. ARPA'’s purpose was to initiate scientific research in potentially high pay-

off areas.?

In the early 1960s, ARPA sponsored research into emerging computer
technologies. One aspect of the research was a concept called “time-sharing,”
which allowed smaller computer centers to use the computing capabilities of

larger computer facilities via telephone lines. This diminished the need to

' Anicle, Barry M. Leiner, Vinton G. Cerf, David D. Clark, et al., “A Brief History of

the Internet,” n.d., at www.isoc.org/intcrnet/history/brief.shtml, as of 29 Oct 05.
? At first, ARPA’s projects werc not specifically or necessarily dcfense relatcd. They
focused, rather on generic areas of research of national importance. However, defensc
needs increasingly preoccupied ARPA’s agenda so that in 1972, it was rcnamed the
Defense Advanced Research Projects Agency (DARPA). The organization remaincd
DARPA until the Clinton administration returned it to ARPA in 1993, following the end
of the Cold War. In 1996 the agency was redesignated DARPA. Sece Article, n.a.,
“ARPA-DARPA - the History of the Name,” 27 Oct 03, at
www.darpa.mil/body/arpa_darpa.html, as of 5 Dec 05.
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purchase large, costly computers at each and every location.> ARPA contracted
with the Massachusetts Institute of Technology (MIT) and the University of

California, Berkeley, to develop the time-sharing concept.

At about the same time, the U.S. Air Force (USAF) commissioned the RAND
Corporation to study how the Air Force could maintain command and control over
its strategic arsenal in the event of a nuclear attack. RAND proposed a “packet
switched” network. Packet switching segmented messages into information
packets before routing them to their ultimate destinations, where switches
reconstructed the packets back into messages and delivered them to specific
addresses. If the packets were lost at any given point, they could be resent by
the originator. The entire operation could be accomplished in less than a

second.*

The two operations, time-sharing and packet-switching, underlay the
deployment of the ARPANet and later the Internet.

The Air Force Research Laboratory’s Information Technology Directorate’s
predecessor organization, the Rome Air Development Center (RADC), became
involved in ARPANet as a result of its responsibility for the Air Force's
exploratory development of computer technology for command and control.> As
a result, RADC played a leading role in developing computer network
technologies for the Air Force.®

> Book, Thomas W. Thompson, The Fifty-Year Role of the United States Air Force in
Advancing Information Technology—A History of the Rome, New York, Ground
Electronics Laboratory [hereafter cited as HRL], Studies in Twentieth Century American
History, vol. 10 (Lewiston, Queenston, Lampeter: The Edwin Mellen Press), n.d., p. 117.

4 HRL, p. 118; Article, Dave Kristula, “The History of the Intcrnet,” Aug 2001, at

www.davesite.com/webstation/net-history.shtml as of Oct 28 2005.
5 HRL,p. 114,

8 HRL,p.117.
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In 1966 RADC inaugurated time-sharing in Air Force computer networks with
the purchase of the General Electric 645 Computer running the General
Comprehensive Operating System (GCOS). This was the first computer ordered
specifically by a military service that was designed specifically for time-sharing
operations. The GE 645 was capable of hosting four central processors and
could be modified to incorporate specialized components and peripheral
equipment. It was intended for conducting research into Air Force command,

control, intelligence, and information management systems.’

In October 1966, RADC announced the Cooperative Program, a plan to
begin time-sharing with 18 New York state universities. Under the program,
which was partially funded by the National Science Foundation, the universities
shared access to the GE 645 computer through remote access terminals and

modems to use existing telephone lines.®

Two years later, in 1968, RADC expanded time-sharing capabilities with the
capability of operating different kinds of computer languages. The following year,
RADC began using the Multiplexed Information and Computing System
(MULTICS) with the GE 645. MULTICS increased security and made it easier to
operate RADC'’s time-sharing service.® The MULTICS system was upgraded to
the Honeywell 6800 series in the 1970s and the DSP 8/M series in the 1990s.

Meanwhile, the Department of Defense (DOD) and ARPA noted RADC's
research in time-sharing and packet-switching in command and control and

became interested in using them as a possible method of integrating computers

7 HRL,p.118.
® Ibid.

*  HRL,pp. 118-19.
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operating at different locations. ARPA, in particular, was interested in
“teleprocessing,” which would link dissimilar computers into networks through
packet-switching with the goal of reducing system vulnerability by distributing

computers and their supporting equipment over a wide area.

In December 1968, ARPA awarded a contract to Bolt, Beranek and Newman
(BBN) to build such a distributed area network, to be called ARPANet."" In
1969, ARPANet was initially brought on line'? and by 1971 was fully up and
running.”® By this time, ARPANet included 21 computer centers, including the
University of Southern California, Los Angeles (UCLA); Stanford Research
Institute; the University of California, Berkeley; the University of Utah; the
Massachusetts Institute of Technology; Harvard University; the Systems
Development Corporation, Santa Monica, California; Carnegie Mellon University;
Case Western Reserve; NASA-Ames; MITRE; Burroughs; RAND;™ the
University of lllinois—and RADC."® RADC joined the ARPANet as the 18" node
on October 5", 1971.

ARPA was able to show that, as with surveillance sensors and
communications, computers could also demonstrate dispersal over great
distances, a phenomenon that became known as “distributed computing.” What

distributed computing did was to allow not only the computerization of separate

10 HRL,p.119.

N Ibid.

12 Article, Walt Howe, “A Brief History of the Internet” [hereafter cited as Brief

History™], 14 Sep 04, at www.walthowe.com/navnet/history.html, as of Oct 28, 2005.

3 HRL, p. 119.

14 “Brief History,” p. 2.

'S HRL,p.119.
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surveillance, communications, and intelligence centers, but also integrating them

into a single network. *¢

The ARPANet grew from 3 nodes in 1969 to 21 by 1971. Each node at a site
could have up to several different computer systems connected to it. By 1982
there were 88 sites. In the early 1980s the Message Control Protocol (MCP) that
the connected systems used as the common network language was phased out
in favor of a more robust four-layered network protocol stack based on the
Transmission Control Protocol/Internet Protocol (TCP/IP). TCP/IP allowed for
the “internetworking” of different computer network technologies. By 1989 it had
spawned the internetworking of hundreds of networks (including a sister network
MILNet, a satellite version SATNet, and a terrestrial WIDEBAND) and allowed

thousands of computers and millions of users to communicate with each other."”

In early 1989, the ARPANet core was replaced in favor of five higher-speed
region-based networks unified by a backbone managed by the National Science
Foundation. This was called the Defense Research Internet (DRI). The regional
networks were run by consortiums of colleges and universities. NYSERNet
covered the northeastern United States and was sponsored by RADC. By the
late 1990s these mutated into commercial services such as PSINet and were
joined by larger Internet Service Providers (ISPs) such as Sprint, MCI, and AOL.
The ARPANet was officially shut down at midnight on 28 February 1990.®

' HRL,p.119.

" E-mail, Mark Lomery, AFRL/IFOI, to Dr. James F. Aldridge, AFRL/HO, “Write-
Ups for McFawn Project/Arpanet, atch. ARPANET - Gubbins & Debaney.doc”
[hereafter cited as “Write-Ups”], 22 Nov 05.

8 Ibid.
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RADC took the concept of distributed computing to the next level in 1981
when it began working with BBN on CRONUS, a distributed operating system
overlaid on existing computer systems that was capable of performing complex
command and control operations, thereby reconciling differences in computer
systems so that they operated as if they were a single system. Under CRONUS,
local area networks (LANs) (see below) connected computers at specific
locations while wide area networks linked them over greater distances. By the
end of the 1980s, CRONUS ran approximately 100 computers, located at eleven

sites.™®

In cooperation with ARPA, the Defense Communications Agency, and the
USAF Strategic Air Command (SAC), RADC investigated the feasibility of using
distributed computing for strategic military communications. Under the Strategic
Command, Control, and Communications (C*) Experiment, RADC tested packet
switching and other distributed computing technologies for their potential in
reconstituting communications networks in the event of a national crisis.
Subsequently, under the Survivable Adaptive Planning Experiment (SAPE),
RADC sought to apply distributed computing technology to tasks associated with
generating SAC's Single Integrated Operational Plan (SIOP). By so doing,
RADC demonstrated that distributed computing enhanced U.S. nuclear
deterrence by dispersing computing systems, thereby making them more
survivable in the event of an attack. The technology thus enhanced command
and control by allowing the networking of computers among widely deployed
forces. %°

In addition to distributed computing, RADC also made major contributions,
both conceptually and technically, to the development of LANs. These networks

integrated computers at specific locations and provided the means of

' HRL, pp. 119-20.

2 HRL, p. 120.
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“internetworking” distant databases and networks, connecting computer users to
“global” systems.?’ One RADC LAN was the Flexible Intraconnect Local Area
Networks (FILANS), which employed laser and modular components that made

LAN technology more reliable and easier to deploy.??

' HRL,p. 121.

2 HRL, p. 122; “Write-Ups”.
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Airborne Laser Laboratory

The development of the Airborne Laser Laboratory (ALL) was one of the
most extraordinary achievements in the annals of science and engineering. A
highly dedicated team of talented military and civilian scientists at the Air Force
Weapons Laboratory (AFWL), Kirtland Air Force Base, New Mexico, succeeded
in testing and operating a high-power CO, gas dynamic laser integrated with a
precision pointing and tracking system aboard a specially modified NKC-135
aircraft known as the ALL. In May 1983 over the Naval Weapons Center Range
at China Lake, California, the ALL shot down five AIM-9 “Sidewinder” missiles.
Four months later, the ALL's laser beam intercepted three Navy BQM-34A
drones over the Pacific near Point Mugu, California. The success of these
demonstrations proved for the first time that an airborne laser could intercept and
destroy aerial targets and showed the potential of high-energy lasers as airborne

weapons.

A laser, or fight amplification by stimulated emission of radiation, is the most
concentrated and powerful form of light known. An intense energy source
excites a selected gas, liquid, or solid substance so it is capable of lasing, and a
resonator with mirrors at each end extracts the optical energy in the form of a
beam. The advantages of lasers are delivering large amounts of energy to a
very small area, and traveling over long distances at the speed of light.
Additionally, a concentrated laser beam minimizes collateral damage to nearby
structures and greatly reduces the potential for civilian casualties. But there are
major difficulties in developing airborne laser weapons. Lasers need enormous
power to generate a beam of sufficient lethal energy. Atmospheric absorption of
the laser beam decreases its power, and heating the beam in the air distorts and
deflects it. Laser light randomly spreads out in all directions, which requires

focusing the beam with optical mirrors. Keeping the beam steady must occur at
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the same time the laser platform and target are maneuvering and moving at high

speeds.’

The roots of the ALL program stretched back to the early 1960s. Dr.
Theodore Maiman, a senior scientist at Hughes Aircraft Company’s Research
Laboratory, generated the world’s first laser beam on 15 May 1960. Recognizing
the potential military payoffs for lasers, the Department of Defense’s Advanced
Research Projects Agency (ARPA) funded laser research at the Air Force
Special Weapons Center (AFSWC) in February 1962. By 1963, AFSWC's work
on solid state lasers proved disappointing. But between 1964 and 1967,
commercial researchers discovered that molecular gas carbon dioxide could be
used as a lasing medium and developed a CO; gas dynamic laser or GDL.
These breakthroughs, with their potential for higher power levels and reduced

device weight, offered the most promise for military applications.?

As early as 1965, AFSWC'’s descendent, the Air Force Weapons Laboratory,
began pursuing the idea of putting a laser on an aircraft. Recognizing the
advantages and disadvantages of lasers, the lab knew that the development of
any high-power laser system required perfecting the technology for a variety of

subsystems. Although the laser device could produce a lethal beam, a search

' Book, Robert W. Duffner, dirborne Laser: Bullets of Light [hereafter cited as
Airborne Laser], (New York: Plenum Press), 1997, p. 6; Rpt, Col John C. Scholtz, Jr.,
“The Air Force High Energy Laser Program,” Air War College Professional Study No.
4229, Nov 1970, pp. 1-6; Rpt, Physics Department, Air Forcc Institute of Technology,
“Laser/Optics Short Course,” June 1979; Article, Amold L. Bloom, “Optical Pumping,”
in Book, Schawlow, ed., Lasers and Light (San Francisco: W.H. Freeman & Co.), 1969,
pp. 46-54.

2 Airborne Laser, pp. 2, 12-18; Interview, Dr. Robert W. Duffner, AFWL/HO, with
Maj Gen Donald L. Lambcrson, USAF, Office of the Assistant Secretary of the Air Force
for Acquisition, 12 Jan 1989; Article, T.H. Maiman, “Stimulated Optical Radiation In
Ruby,” Nature, 6 August 1960, pp. 493-494; Ltr, J.P. Ruina, Director, ARPA, to
Commandcr, Office of Aerospace Research, “ARPA Order 313-62,” 26 Feb 1962; Rpt,
n.a., “Advanced Development Plan: Gas Dynamic Laser Wcapon,” WLRE-67-170, Sept
1967, pp. A-1—A-2.
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and acquisition subsystem had to locate and start tracking the target, then the
tracking function would be transferred to a precision pointer and tracker. A beam
control system consisting of an intricate series of mirrors would transmit the
beam from the laser device to the pointer and tracker, which focused the beam
with a large primary mirror and aimed and directed the beam to hit the target.
Although the concept sounded simple, AFWL understood that integrating these
distinctly different components into one harmonious system would be an
extremely difficult challenge. Also, the lab intentionally structured its research to
proceed along a number of parallel paths to take advantage of different technical
breakthroughs as they occurred, eliminating technologies that showed little
promise. This approach explained why AFWL supported work on a variety of
laser types, as well as projects on optics, beam diagnostic techniques, mission

analysis, and conceptual design studies.?

In September 1967, AFWL outlined a program to demonstrate laser weapon
feasibility and in early October 1968, was authorized to began building and
testing a GDL. Since the laser field was in such a state of infancy, AFWL let
GDL research contracts with two separate companies. In that same year, ARPA
funded a Tri-Service Laser (TSL) that involved all three military services, but
concentrated the laser research with AFWL. AFWL let its TSL contract in early
1969. Although the TSL was assembled at AFWL's Starfire Optical Range
(SOR) beginning in April 1970, the device couldn’t produce a good quality beam.
To break through the TSL logjam, in December 1971 AFWL's leadership opted to
accept the device as a “nonconformable item.” AFWL formed an ad hoc team of
in-house troubleshooters and within four months, the team produced a high-
power beam of good quality. Commensurately, AFWL worked on an optical

system. These mirrors would accept the laser beam and then align and steer it

3 Airborne Laser, pp- 33-34; Interview with Lamberson, 12 Jan 1989; Interview,

Duffner with Col David R. Jones, USAF, Retired, 19 Sept 1988; Interview, Duffner with
Dr. Petras V. Avizonis, AFWL/ARTO, 16 Dec 1988; Rpt, n.a., “Advanced Development
Plan” [hereafter cited as “Development Plan”], WLRE-67-133, Sept 1967, pp. 1-2.
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to a field test telescope (FTT) that focused and pointed the beam to its target.
AFWL let its contract to build the FTT in February 1969. In October of 1971, the
FTT passed a critical milestone by successfully tracking a diagnostic aircraft at
the SOR, and focusing a low power CO; laser beam on the aircraft — the first time

a laser hit a target in flight.*

The next critical milestone required integrating the FTT and TSL components
and testing them as a single system. AFWL first fired the TSL/FTT device at
stationary targets downrange from the SOR, determining that the FTT could
accurately focus and hold the beam and direct it to a desired target aimpoint.
Then in December 1972, a wallet-sized target was mounted on a 30-foot
rotoplane, which resembled a windmill, to rotate the target 360 degrees at 25
revolutions per second. The FTT pointed the laser beam and accurately hit the

moving target for several seconds at over a mile away.®

Following the success of the integrated TSL/FTT device, some members of
the ALL team thought that rather than going directly to installing and testing the
device on an aircraft, a ground-based shootdown of an aerial target was the next
logical step. Known as Project DELTA (Drone Experimental Laser Test and
Assessment), the target was a 12-foot long, 248-pound Army drone flown at
approximately 200 miles per hour near the Starfire Optical Range. To make the
tests as realistic as possible, the drone’s fuel tank resembled one used in an F-4
aircraft. On 13 November 1973, the DELTA beam disabled the drone long

enough for it to lose control and crash, but caused only minor damage. The next

*  Airborne Laser, pp. 18-39; Interview with Lamberson, 12 Jan 1989; Interview with

Avizonis, 16 Dec 1988; Interview, Duffner with Harry I. Axelrod, Hughes Aircraft
Company, 27 Jan 1993; “Development Plan,” pp. 1-2.
°  Airborne Laser, pp. 23-37; Interview with Axelrod, 27 Jan 1993; Briefing chart,
AFWL/ARTO, “TSL Milestones,” 7 Sept 1972; Rpt, Col Robert W. Rowden,
AFWL/CC, “AFWL Significant Events,” 31 Dec 1972.
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day, in a spectacular blaze of fire and smoke, the laser disabled drone tumbled
200 feet before hitting the ground. Project DELTA was a major milestone. For
the first time a high-energy laser beam shot down a flying target and clearly

demonstrated that all of the functions of an integrated system worked together.®

Several years before the proof of concepts in TSL, FTT, and DELTA were
completed, a number of long-range laser planning and feasibility studies were
already under way that supported the idea of putting a laser on a plane. In 1970,
AFWL contracted for conceptual airborne testbed (ATB) design studies that
recognized that system integration of all of the components inside an aircraft was
a much greater problem than had been anticipated. AFWL decided to use a C-
135 aircraft for the ATB, with a turret atop the plane housing an airborne pointing
and tracking (APT) system so as not to limit the field of view in acquiring,
tracking, and engaging aerial targets. AFWL acquired the testbed, an older but
reliable and low-mileage NKC-135A aircraft (N for “nonreturnable” and K for
“tanker”), in March 1972.7

The next progression was to conduct aerial proof-of-concept experiments, or
cycles, on the ALL. Cycle | would show the APT could accurately track an aerial
target. Cycle Il would align a low-power beam with the APT and then direct the
beam out of the turret on top of the aircraft to an aerial target. Cycle Ill, the most
difficult part of the program, would combine a high-power beam with the APT to

shoot down aerial targets.

8 Airborne Laser, pp. 39-42; Interview, Duffner with Richard V. Feaster, Colonel,

USAF, Retired, 12 Jan 1989; Rpt, Col Richard V. Feaster, et al., “Project DELTA,”
AFWL-TR-74-250, Oct 1974, pp. 3-4, 9-10; Article, John G. Duffey and Darrell E.
Spreen, “Project DELTA,” Journal of Defense Research, Series A: Strategic Warfare—
High Energy Lasers, vol. 4A, No. 1, May 1975, pp. 41-47.

" Airborne Laser, pp. 43-59, 77-80; Interview with Axelrod, 27 Jan 1993; Interview
with Avizonis, 16 Dec 1988. For example of early airborne applications see Rpt, D.
Green, et al.,, “Airborne Application Study,” AFWL-TR-69-125, vols. I-1V, Oct 1969.
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Cycle | work began in November 1970. AFWL'’s leadership deliberately
planned to build the APT and modify the aircraft simultaneously so that both
would be completed at the same time. A contractor built the APT, which had to
be two-and-a-half times more precise than the FTT, in the summer of 1972 while
another contractor modified the aircraft and created the ATB by March 1971.
The lab worked with its contractors to insure the APT fit snugly, and installed the
varied subsystems inside the craft, even while keeping the aircraft’s weight under
its maximum load. With assistance from its sister Air Force labs, AFWL designed
and tested the APT turret and a zinc selenide window on the APT that protected
its internal optics during flight.®

Lab scientists were concerned about the aerodynamic effects of placing a
turret on top of the fuselage. Airstream movement around the APT could cause
extreme buffeting that might inflict severe fuselage damage and destabilize the
aircraft. The lab decided that a specially designed fairing would have to be
installed around the turret. Wind tunnel tests proved that it would be impossible
to fly the aircraft without fairings around the turret. The lab first put a mock turret
with the fairing on the ATB, conducted a series of flight tests, and then installed
the final APT version onto the aircraft. Finally, from May to November 1973, the
airborne APT tracked various aircraft and air-to-air missiles at White Sands
Missile Range (WSMR). At each stage, the lab adjusted the APT for vibrations
and air turbulence. AFWL determined that the tracker functioned accurately, and

thus Cycle | had met its milestone.®

Cycle Il lasted from November 1973 to March 1976. AFWL used a low-

power electric discharge laser (EDL) to safely align the laser beam inside the

8 Airborne Laser, pp. 85, 95-113, 129-142; Interview with Lamberson, 12 Jan 1989;
Interview, Duffner with Dr. Raymond V. Wick, AFWL, 13 April 1990; Telecon, Duffner
with Ernie Endes, Honeywell’s Sperry Defense System Division, 30 March 1990.

®  Ibid.
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interior of the aircraft into the APT. The EDL did not use dangerous laser fuels,
and if its beam went off track, would do little damage to the aircraft interior.
AFWL added systems to the ALL, aligned the mirrors in the APT, improved the
APT so it would slew as smoothly as possible, and calculated the target aimpoint.
The lab fired the laser from inside the parked ALL at ground targets or at aircraft
in flight. Flight tests over White Sands Missile Range to track missiles and aircraft

proved that an airborne laser could intercept an aerial target."®

What delayed completion of Cycle Ill were the continual engineering
complications with integrating the equipment inside the ATB. A contractor
subjected the ALL to major structural, mechanical, electrical, and safety
modifications, and the aircraft was again certified for flightworthiness, all of which
lasted until December 1977. For safety purposes, the lab constructed a test cell
that essentially served as an identical mock-up of the NKC-135 and tested
various systems there before installing them onboard the aircraft. These
systems included a contractor-built fuel supply system (FSS), the Airborne
Dynamic Alignment System (ADAS) beam director, the APT, and the GDL, all of
which arrived and were tested separately and together between December 1974
and August 1980. Finally, in October 1980, AFWL assembled all of the various
components aboard the ALL. In January 1981, the ALL team fired the high-
power laser beam at a static target on the ground downrange from the aircraft —
the first time all of the components of the laser system worked as one unified
system to produce a beam that could be pointed to a target. Beginning in
February 1981, the ALL attempted to track tow targets at WSMR and air-to-air

missiles at the Naval Weapons Center Test Range in California."”

9" dirborne Laser, pp. 143-170; Rpt, Edward A. Duff, James E. Negro, and James F.

Russell, “USAF Precision Pointing and Tracking Systems for High Energy Laser
Applications—Test Results,” AFWL-TR-74-285, Dec 1975, pp. 7-10; Article, Donald L.
Lamberson, “Overview of thc Air Force High Energy Laser Program,” in Second DOD
High Energy Laser Conference Proceedings, Nov 1976, pp. 31-42.

"' Airborne Laser, pp. 171-253; Paper, John W. Dettmer and Demos T. Kyrazis,
“Overview of the Airborne Laser Program,” July 1979, pp. 379-396; Rpt, AFWL,
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But numerous problems — especially the inability of the APT to track the
missiles and the misalignment of the beam in the ADAS - spelled failure of the
ALL to produce a kill. Then disaster struck as long-term water contamination
damaged the beam steering mirrors, and replacing the entire mirror system
caused a year’s delay. AFWL then conducted tests in April 1983 at White Sands
Missile Range and proved that the ALL's component systems were again fully
integrated and capable of destroying a target. '

The ALL arrived at Edwards AFB on 15 May 1983 and prepared for its final
test. It would be going up against the AIM-9B “Sidewinder” air-to-air missile, 111
inches in length, weighing 155 Ibs, with a range of 2 miles at a speed of 2000
mph. The ALL first conducted a series of practice runs to test the acquisition and
tracking systems against 19 live missiles. Then on 26 May 1983, the ALL
completed the world’s first successful airborne engagement of an aerial target
when it destroyed an AIM-9B over the Naval Weapons Center Test Range at
China Lake, California. The beam remained on the nose of the missile long
enough (4.8 seconds) to heat up and damage the sensitive components of the
guidance system, causing the missile to break lock. In follow-on tests, the ALL's

powerful laser disabled four other AIM-9B missiles. '

The ALL team was now ready for its next challenge, disabling or destroying

slow-moving drones that resembled cruise missiles. The BQM-34A drone was

“Airborne Laser Laboratory Cycle III Test Plan (Executive),” 31 Oct 1977, pp. 3-5, 93-
94.
2 Airborne Laser, pp. 248-278; Interview, Duffner with Harrison H. Schmitt, formcr
U.S. Senator, 15 Jan 1993; News release, USAF/AFSC, “Laser Test,” AFSC #81-12, 3
Feb 1981.

" Airborne Laser, pp. 279-296; Rpt, Raymond V. Wick, “Airborne Laser Laboratory
Cycle III: Systems and Test Descriptions,” AFWL-TR-86-01, vol. I, May 1988, p. 87;
Article, n.a., “Airborne Laser Laboratory: ‘Five for Five’ in Sidewinder Tests,”
Aerospace Daily, 28 July 1983, p. 149.
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larger than the AIM-9B at 23 feet in length, 3 feet in diameter with a wingspan of
13 feet, but flew at a slower 690 mph. Again, the ALL team conducted rehearsal
tests prior to taking on the target. The results were the same. In September of
1983, the ALL’s beam intercepted three Navy BQM-34A drones over the Pacific
Ocean near Point Mugu, California. The beam burned through the third drone’s
flight control box, melted wires, and caused multiple circuit failures. As the
electrical system failed, the drone went out of control, rolled 90 degrees to the
right, and then crashed into the ocean. After almost 16 years and significant

financial investment, AFWL's ALL team had accomplished its mission. '

The ALL was truly revolutionary because of the results it achieved. Proving
for the first time that an airborne laser could intercept and disable aerial targets,
the ALL ranks as the Wright Flyer of the laser world. This laboratory achievement
marked an unparalleled technical milestone, clearly showing the potential for
advancing high-energy lasers as a new class of defensive directed energy
weapon systems. It served as the technological bridge from early laser and

beam control demonstrations to the next generation Airborne Laser (ABL)."®

Aside from the technical achievement, there were other significant “lessons
learned.” Due to the newness of laser technology, AFWL chose to invest in
several research directions and let the most functional system win out, as well as
developing different components concurrently in order to avoid losing time. The
lab’s confident leadership proved to be wizards of systems management, and
kept a program with multiple component and subcomponent systems on track as
they successfully convinced the Air Force brass to maintain their support in the

face of numerous setbacks. The testament to their achievement was not only the

" Adirborne Laser, pp. 296-306; News release, USAF/AFSC, “Air Force/Navy ALL
Test,” AFSC #83-130, 29 Nov 1983.

15" Airborne Laser, pp. 311-316.
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successful shootdowns of 1983, but the current development of the Airborne
Laser program today, which the Air Force Research Laboratory continues to

support. '®

' Ibid: Rpt, Lawrence Sher, “Lessons Learned from the Airborne Laser Laboratory,”

AFWL-TR-83-5, June 1983, pp. 54-56.
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Aircraft Transparencies

In the fall of 1905, Orville and Wilbur Wright took their Wright Flyer to the
fields of Huffman Prairie, today part of Wright-Patterson Air Force Base, to learn
the art of practical flight. Among the circles and figure-eights the Wright Brothers
flew that season, they continued to establish many “firsts” in aviation history.
Wilber Wright reached one unanticipated milestone on 7 September. While
fulfilling one of mankind's long-held dreams of literally chasing a flock of birds
through the sky, Wilbur's plane hit one of the birds, marking the first ever bird
strike on an aircraft. He landed safely, but the bird did not. It was not until seven
years later that the first pilot died due to a bird strike. In that instance, a bird hit
and became entangled in the control wires of a later model Wright aircraft flown
by an Army pilot, resulting in a loss of control and a crash into the ocean. Until
the end of World War |l, bird strikes were considered relatively infrequent
occurrences, rarely resulting in catastrophic damages. The major factor in that
level of safety was the piston-engine driven propeller, which effectively prevented
birds from hitting the engine itself or the glass canopy protecting the pilot. In
addition, the relatively slow speeds afforded birds an opportunity for avoidance.
Data shows that very few, if any, other fatal bird strikes were reported prior to
1955. After that point, turbine engine aircraft had come into widespread use,
bringing with them higher speeds, vulnerable frontal areas, and more delicate
exposed parts. The result was not only a greater incidence of bird strikes, but of
serious and fatal collisions. Statistically, the most deadly of these hits occurred
when the bird ran into the windshield or canopy, resulting in the disabling or
death of the pilot."

' Website, Air Force Aviation Safety Division, “Bird Aircraft Strike Hazard

homepage” [hereafter cited as “Bird Aircraft”], available on the internet at
http://afsafety.af.mil/AFSC/Bash/home.html, as of 28 Nov 05; Thesis, Christine A.
Tedrow, “Bird Strike Risk Assessment for the United States Air Force Airfields and
Aircraft” (Virginia Polytechnic Institute and State University) Dec 98, pp. 1-2; Article,
Jay C. Neubauer, “Why Birds Kill: Cross-Sectional Analysis of U.S. Air Force Bird
Strike Data” [hereafter cited as “Why Birds Kill”’], Aviation, Space, and Environmental
Medicine, Apr 90, pp. 343, 345-346.
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Early aircraft transparencies? were made of glass formed in small flat plates
or in gently curved panels. The need for better visibility in combat and to contain
pressurized cockpits prompted the introduction of plastics, both cast to a
particular shape and stretched from a flat sheet over a mold. Plastic enabled the
highly effective bubble canopies used in most fighter aircraft. During the 1950s
and 1960s, a combination of strengthened glass panels and stretched acrylics
were the most ubiquitous materials used for transparencies. These worked well
as the jet engine brought the Air Force's propensity for higher and faster flight to
its zenith. However, the tactical experience in Vietnam, particularly the impact of
highly effective surface-to-air missiles, brought the Air Force literally back to
earth. Survivability in that environment meant low-altitude, high-speed flight,
bringing the fighter aircraft down into the realm of birds once again.
Unfortunately, the tactical aircraft of the day, such as the F-4 Phantom, were not
designed for that type of flight and did not have bird strike resistant
transparencies. The result was both an increase in bird strike incidences and in
pilot injuries for tactical jets. The problem grew worse during the 1970s, as the

number of strikes rose steadily.®

Though bird strikes were encountered by the other military services and
domestic aircraft, as well as worldwide, the problem was felt most acutely by the
Air Force. The Air Force Flight Dynamics Laboratory (FDL) responded to this
problem in a systematic way beginning in the early 1970s. That effort gathered
steam through the 1980s and 1990s. The FDL’s Vehicle Subsystems Division
looked at many existing materials to see how they might apply that technology to

2 The term “transparency” means the totality of clear material surrounding the cockpit,

while “canopy” specifically refers to the clear panel covering the top and sides of the
pilot, and “windshield” specifies that in front of the pilot. However, these terms have
become loosely interchangeable, particularly after the advent of single-piece
transparencies.

*  Article, James H. Brahney, “Windshields: more than glass and plastics” [hereafter
cited as “Windshields™], Aerospace Engineering, vol. 6 (Dec 86), pp. 28, 31.
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improve the safety of Air Force aircraft. Resistance to bird strikes was only one
of the criteria, however. The researchers also considered visibility, cost,
maintainability, durability, and other factors. The result was a series of programs
to both improve the general state-of-the-art and to improve the transparencies of
existing aircraft. To address technological deficiencies, the FDL had to update
the analysis and testing capabilities relevant to windscreens. The so-called
“chicken gun,” or bird impact facility was devised as a repeatable method for
testing the damage done by bird carcasses fired at aircraft components. Both
Wright-Patterson and the Arnold Engineering Development Center (AEDC)
operated such a facility from 1972 on, but the University of Dayton Research
Institute (UDRI) took over the former's gun five years later. To complement that
seemingly low-tech, traditional test facility, the FDL devised a computer program
dubbed “Materially and Geometrically Nonlinear Analysis” (MAGNA) for the
simulation of the dynamic structural response of transparencies to bird impact.
Other computerized tools for aerothermodynamic and optical analysis followed to

support the pioneering work at a lower cost than trial-and-error physical testing.*

The improvement in transparencies that occurred from the mid-1970s
through today is the result of work done in three interrelated areas: materials,
structures, and design. The Flight Dynamics Lab’s contributions to materials
came out of its expertise in composite materials, an area in which it was at the
forefront for aircraft applications. The first real alternatives to acrylics and glass
were polycarbonates. This material was not new, but it had taken until the late
1960s to improve it to optical quality, an effort pushed by NASA for its space suit
helmets. Polycarbonates demonstrated excellent impact resistance, but were
susceptible to environmental effects, such as c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>